Introduction
Surviving critical illness is not benign. Professor Richard Griffiths previously commented that "we have learned about the 'legacy of critical care' and how having a critical illness impacts life after ICU through its consequential effects on physical and psychological function and the social landscape" [1] .
Intensive care unit (ICU)-acquired weakness (ICUAW) develops as a complication of critical illness [2] (suppl ref [1] [2] [3] [4] [5] ) and may represent the extreme end of a spectrum of weakness that begins with any serious illness regardless of care location (suppl ref [6] ). ICUAW is associated with prolonged mechanical ventilation and ICU stay, as well as increased ICU, hospital, and 1-year mortality [3] (suppl ref [3, [5] [6] [7] ). Age, sepsis, longer ICU length of stay, longer duration of mechanical ventilation, and bed rest increase the risk of developing ICUAW [3] . Long-term impairment of physical function can persist for months or even years after ICU discharge.
In a round table meeting that was held in Brussels in March 2016, the factors that impact on recovery after critical illness were examined in detail with a major recommendation to "look outside the ICU and embrace the continuum of illness including pre-ICU trajectory, recovery, and adaptation".
The aim of this review is to present the areas of uncertainty concerning ICUAW to inform future research.
Impact of pre-ICU admission status
Age, functional status, comorbidity, frailty, and trajectory of health status Background
The patients' functional and neurocognitive state prior to critical illness is the upper limit for post-ICU recovery, affecting both their absolute level of function and the rate of change in function over time. In acute respiratory distress syndrome (ARDS) survivors, older age and comorbidity are associated with decline in physical status over the subsequent 5 years [4, 5] . In older populations, pre-ICU disability and hearing and visual impairment substantially increase the risk of death and more severe disability following critical illness [6, 7] . Comorbid conditions have a great impact on acute mortality, long-term residual disability, and response to rehabilitation [8] (suppl ref [8] ). Frailty identifies a vulnerable population at increased risk of multiple adverse outcomes (suppl ref [9] [10] [11] ). Decreased functional capacity prior to hospital admission is associated with increased hospital mortality regardless of age, comorbidities, disease severity, and type of ICU admission [9] . Admission to the ICU from within the hospital as a marker of poor health status portends an unfavorable prognosis [10] .
In individuals 70 years or older [6] , the pre-ICU functional trajectory strongly influences post-ICU functional status. Pre-morbid health status, functional decline in the ICU, and post-ICU functional status are likely determined by a complexity of different factors over time (suppl ref [12] ). For example, patients with sepsis, a major risk factor for ICUAW [3] , have substantial excess attributable mortality even after matching for prior health status [11] and those with worse pre-sepsis health or functional status may also have increased mortality. Thus, the complex interplay between preexisting health status and acute and persisting critical illness in determining long-term functional and cognitive outcome remains to be elucidated at a disease-specific mechanistic level to inform bedside decision-making and therapy for individual patients (Fig. 1) [5, 10, 12, 13].
Limits of current knowledge
Few longitudinal studies with accurate assessment of pre-ICU condition have evaluated the impact of critical illness on late functional impairment [6, 14, 15] .
Indications for future studies
The trajectory of patients' pre-ICU health status may be difficult to capture but conveys important prognostic information. Studies on long-term outcomes should consider age, pre-ICU functional and cognitive status, concurrent burden of illness, frailty, and current trajectory of health status to target patient populations that can achieve functional independence and good patient-and family-centered outcomes after critical illness.
Diagnosis and treatment

Limb muscle involvement Background
ICUAW is a clinical diagnosis made by physical examination of muscle strength using volitional tests such as the Medical Research Council sum score (MRCss) or a handgrip dynamometer [2] (suppl ref [5, 7, 13] ). Muscle weakness is generalized, symmetrical, and affects both limb and respiratory skeletal muscles; however, clinical phenotype can be different depending on age, burden of comorbid disease, and duration of ICU stay and mechanical ventilation [16] . With MRCss, muscle strength is assessed in 12 muscle groups and a summed score below 48/60 designates ICUAW (suppl ref [5] ). With handgrip dynamometry, cutoff scores of less than 11 kg (IQR 10-40) in men and less than 7 kg (IQR 0-7.3) in women indicates ICUAW (suppl ref [14] ). Nonvolitional tests include electrical and magnetic neuromuscular twitch stimulation to assess strength and muscle ultrasound to assess skeletal muscle mass and architecture [17] (suppl ref [15] [16] [17] ). Loss of muscle mass, as evidenced by a reduction in rectus femoris muscle cross-sectional area, is dependent on the severity of the illness with multiorgan failure associated with greatest loss of skeletal muscle [18, 19] . Muscle mass at ICU admission may be an independent predictor of mortality (suppl ref [18] ), and lower admission muscle mass may be associated with increased disability and higher frequency of discharge to a nursing home (suppl ref [18] ).
Ultrasound can confirm histologically defined myofiber necrosis (muscle echogenicity) as well as fascial inflammation and fasciitis (fascial echogenicity) [20] . Muscle necrosis portends a worse prognosis than loss of myosin filaments [2] , and fascial inflammation and fasciitis may cause severe pain [20] .
Electrophysiological studies (EPS) of peripheral nerves and muscles assess whether ICUAW is caused by a critical illness polyneuropathy (CIP) (suppl ref [1] [2] [3] ), myopathy (CIM), or both [21] (suppl ref [4] ). EPS can inform prognosis and pathways by which ICUAW may occur [2] . Normal EPS implies disuse atrophy, which may have a better prognosis than CIP or CIM (suppl ref [19] ). Simplified electrophysiological tests are feasible in the ICU (for review, see [21] ) (suppl ref [20] ), and, if abnormal, may predict short-term (suppl ref [21, 22] ) and longterm physical dysfunction and mortality [22] (suppl ref [23, 24] ). The peroneal nerve test (PENT) has been validated in two multicenter prospective studies as a reliable substitute for complete EPS [23] .
Limits of current knowledge
Volitional tests can be assessed in a minority of patients who are awake and cooperative (suppl ref [17, 25, 26] ). MRC has limitations including a ceiling effect and inability to detect less severe forms of ICUAW, difficulty in differentiation between MRC grades 3 and 4 (suppl ref [17, 27] ), and weak correlations with physical functioning [24] (suppl ref [26] ). It is uncertain if handgrip strength is representative of global muscle strength in critically ill patients (suppl ref [17, 28] ). Further evaluation of the measurement properties of nonvolitional tests is needed.
Ultrasound evaluates alterations of limb muscle size and structure. However, the clinical relevance of these observations is yet to be determined, and further correlation with muscle strength and functional outcome is needed.
EPS are complex and require specialized training. Moreover, EPS are done infrequently because management is supportive regardless of specific diagnosis. When using EPS without clinical evaluation, only a diagnosis of "probable" CIP or CIM can be established [2] for which the impact on outcome might be relevant [22] .
There are no specific treatments with proven efficacy for ICUAW. Intensive insulin treatment to achieve normal blood glucose reduces EPS-proven CIP and reduces the duration of mechanical ventilation, but exposes patients to an increased risk of hypoglycemia (suppl ref [29] [30] [31] [32] [33] mechanism of impaired glucose supply to muscle cells in patients with CIM [25] , and can be used at the bedside to stimulate nerve-muscle function, but effectiveness is not yet proven (suppl ref [34] ). Early mobilization and rehabilitation in the ICU are safe [26] [27] [28] (suppl ref [35] ); they have positive effects on short-term outcome in medical and surgical ICU patients when initiated early [26, 28] (suppl ref [36, 37] ), but not if started late [29, 30] , or if not combined with optimized sedation protocols [31] . The effects of early mobilization and rehabilitation on long-term outcome are unknown [32] (suppl ref [38] ). An integrated approach of early mobilization and rehabilitation in the ICU with standardized rehabilitation in the hospital and after hospital discharge may be beneficial in patients with no preexisting chronic disease [8] .
Indications for future studies
Within populations of critically ill patients, further evaluation of nonvolitional measurements of muscle strength and function with established methods of global and specific muscle strength and physical function [4, 5, 33] (suppl ref [15] [16] [17] ), assessment of inter-and intrarater reliability, and determination of normal values would be important to advance these techniques. Diagnostic utility of simplified electrophysiological tests and muscle ultrasound performed by ICU personnel should be further evaluated for potential adoption in daily practice. Also partnership with industry would be important to design low cost, simplified EPS and ultrasound machines to be tested for use in the ICU. Further observational studies could evaluate if pure electrophysiological abnormalities, as in probable CIP or CIM, or qualitative and quantitative changes in locomotor skeletal muscles are associated with hospital and long-term mortality and with persisting muscle weakness, fatigue, and physical dysfunction in survivors of critical illness. Randomized controlled trials (RCT) of treatment interventions could consider the use of EPS to identify patients without CIP or CIM who may be more likely to benefit from treatment [20] . Specific electrophysiological (i.e., normal findings, CIP, CIM, and combined CIP and CIM) (suppl ref [39] ) and muscle ultrasound diagnoses (i.e., loss of muscle mass, fascial inflammation, and muscle fiber necrosis) should be confirmed as relevant outcome measures in adequately powered longitudinal studies.
Future studies should evaluate the impact of early mobilization in the ICU on long-term outcomes using a standardized set of outcome measures collected at consistent time points [32] (suppl ref [40] ). Active and passive in-bed cycle ergometry, NMES, functional electrical stimulation cycling (i.e., combined NMES and bedside cycling), and whole body vibration are promising techniques that should continue to be tested in randomized clinical trials with the perspective of integrating these techniques into clinical practice for optimized mobilization [27] . Studies assessing the efficacy of specific treatments for ICUAW are urgently needed, as are studies assessing the effects of a continuum of physical rehabilitation from early ICU admission to post-acute care hospital discharge after stratifying cohorts by the presence or absence of chronic disease states.
Respiratory muscle involvement Background
CIP, CIM, and diaphragm atrophy are important causes of failed weaning from the ventilator [2] (suppl ref [1, 41] ). Diaphragm dysfunction assessed using bilateral anterior magnetic phrenic nerve stimulation and diaphragm ultrasonography is twice as frequent as limb muscle weakness and is directly associated with a high rate of weaning failure and mortality [34] (suppl ref [42] ).
Ultrasound imaging of the diaphragm can be used to evaluate the diaphragmatic dysfunction or paralysis at the bedside (suppl ref [42] [43] [44] ), to predict weaning failure, and to assess respiratory effort and progression of atrophy in mechanically ventilated patients [35] [36] [37] .
Understanding respiratory muscle weakness after mechanical ventilation [as assessed by measuring maximal inspiratory pressure (MIP)] may be important given its association with 1-year mortality [38] .
Inspiratory muscle training during mechanical ventilation increases inspiratory muscle strength and weaning success in the ICU [39] (suppl ref [45] ), and may improve inspiratory muscle strength and quality of life after successful weaning in patients with prolonged mechanical ventilation [40] .
ICU-acquired swallowing dysfunction is common and is associated with serious complications related to choking, aspiration, and respiratory failure, but is frequently under-recognized and poorly managed [41] (suppl ref [46] ); aspiration pneumonia is among the top ten most common reasons for recurrent hospitalization in the 90 days after sepsis [42, 43] . Treatments include diet modification, postural and behavioral changes, enteral feeding tubes, and surface electromyography biofeedback [41] (suppl ref [47] ).
Limits of current knowledge
Magnetic phrenic nerve stimulation is difficult to use in everyday practice. Inspiratory muscle strength, assessed using MIP, is a volitional testing that relies on patient cooperation and low values may reflect poor technique or effort, rather than true weakness [44] . Efficacy of inspiratory muscle training during weaning or in the post-extubation period has been explored in selected patient populations and in studies with short follow-up periods. Ultrasound-assessed diaphragmatic dysfunction has not been assessed in a large representative population of critically ill patients [37] , and abdominal muscle dysfunction is awaiting further definition and assessment. Large prospective studies assessing the frequency of ICU-acquired swallowing dysfunction, using instrumental evaluation, are lacking, as are RCTs of potentially effective treatments.
Indications for future studies
Further studies could evaluate whether an increased duration of mechanical ventilation, by promoting bed rest, leads to ICUAW or if ICUAW primarily induces prolonged duration of MV. Ultrasound-assessed diaphragm dysfunction should be evaluated in large-scale prospective studies of unselected patient populations to determine feasibility and reproducibility of ultrasound findings, and to further evaluate derived parameters relative to clinically relevant outcomes. In mechanically ventilated patients, titration of ventilatory support to maintain normal levels of inspiratory effort may prevent decrease in diaphragm thickness with a potential impact on clinical outcomes [35] , and warrants further study. Given that weakness of the abdominal muscles can impair effective cough, ultrasound evaluation could inform this disability as well. Further longitudinal studies with serial measurements of limb and respiratory muscle strength, and with proper consideration of age, pre-ICU functional status, comorbidity and frailty, and sepsis as confounders, would be helpful to clarify if weakness of these muscle groups is independently associated with outcome. Mechanisms of increased mortality after ICU discharge would also be worth studying (e.g., neuromuscular respiratory failure with inefficient cough, pneumonia, and increased rate of ICU readmission) (suppl ref [48] ).
Systematic screening for dysphagia, using simple validated tests, in survivors of critical illness, as in acute stroke patients, should be further evaluated. Prospective evaluation of swallowing disorders with validation of bedside testing is needed [45] . Intervention studies for swallowing disorders are eagerly awaited.
Interaction between muscle weakness, sedatives, analgesics, and delirium Background
Deep sedation is associated with a longer duration of mechanical ventilation, weaning time, and stay in the ICU, and increased mortality (suppl ref [49] [50] [51] [52] [53] ). Delirium is a common and severe complication in ICU patients (suppl ref [54] [55] [56] [57] [58] [59] ). However, there is no evidence that sedatives, analgesics, or delirium have a direct impact on ICUAW. Immobility, a consequence of deep sedation, increases the risk of ICUAW (Fig. 2) . Delirium and ICUAW possibly interact with each other as early rehabilitation in the ICU improves physical function and may reduce the duration of delirium [26, 28] (suppl ref [60] ).
Limits of current knowledge
Ongoing NIH-sponsored investigations are exploring the co-occurrence of ICUAW and delirium, and whether these two conditions influence each other (Nathan Brummel and Wes Ely, personal communication, Grant number: K76AG054864, https://projectreporter.nih.gov/ project_info_description.cfm?aid=9229869&icde=32020 754&ddparam=&ddvalue=&ddsub=&cr=1&csb=defau lt&cs=ASC).
No study has investigated the cause(s) of reduced mobility in patients with hypoactive delirium, whether it is the exclusive consequence of central nervous system (brain, spinal cord) or of combined central and peripheral nervous system motor pathway dysfunction (CIP, CIM). White matter abnormalities in the frontal lobe, corpus callosum, and anterior limb of the internal capsule are reported in patients with delirium, which might explain diminished motor activity [46] ; however, it is unknown if these alterations are more common in patients with hypoactive delirium than in patients with hyperactive delirium.
Indications for future studies
Causes of reduced mobility in patients with hypoactive delirium could be investigated with EPS of peripheral nerves and muscles. Insights into central motor pathway involvement may be gained through the use of transcranial magnetic stimulation with measurement of central motor conduction time (suppl ref [61] Fig. 2 Potential impact of sedatives, analgesics, and neuromuscular blocking agents on ICU-acquired weakness (ICUAW), delirium, and mobilization diffusion tensor imaging [46] and dual-coil transcranial magnetic stimulation offer the opportunity to investigate plasticity and connectivity between different parts of the brain (suppl ref [62] ), which can be relevant for studying pathophysiological mechanisms of concurrent ICUAW and delirium, and development of cognitive impairments in survivors of critical illness. Absence of intentional movements can be caused by selective structural damage to thalamocortical circuits that can be explored with functional magnetic resonance imaging studies (suppl ref [63] ).
Interaction between muscle weakness and nutrition Background
Critical illness induces a metabolic response, which secures energy provision to vital organs and protects processes of tissue repair and immune response. The muscle is a key player in this adaptive response as amino acids from increased proteolysis are made available for gluconeogenesis and production of acute phase proteins by the liver. Peripheral resistance to anabolic signaling further aggravates hyperglycemia and alters substrate availability in the muscle. Driving forces of this hypermetabolic response include stimulation of the sympathetic nervous system, inflammation, immobilization, and release of anterior pituitary hormones [47] (suppl ref [64] ). Also, malnutrition due to poor gastrointestinal and metabolic function could contribute to pronounced muscle wasting and accompanying weakness in the acute stage of critical illness. Nutritional status indeed is linked to weakness: starvation in healthy volunteers causes loss of muscle mass, strength, and function (suppl ref [65] ). Challenging this hypothesis is the finding that tolerating a macronutrient deficit in the early stage of critical illness, as compared to early caloric parenteral substitution, reduces the incidence of weakness and hastens recovery [48] . More efficient muscle cell autophagy preserving muscle structure can be the underlying mechanism [48] . Followup studies, from 60 days up to 12 months, corroborate that early hypocaloric feeding does not worsen muscle strength, physical function, or long-term quality of life [49] [50] [51] . The observation that a high protein feeding load is associated with greater skeletal muscle wasting also challenges the approach to current nutrition practices [18] .
Limits of current knowledge
Attenuation of the hypermetabolic response by providing anabolic or anti-catabolic agents is feasible, but data supporting actual translation into clinical benefits are absent for most of these drugs and pharmaco-nutrients (suppl ref [64, 66] ). This is troublesome as recombinant human growth hormone, which exerts clear anabolic effects in critically ill patients, increased mortality rates (suppl ref [67] ). Intensive insulin therapy on the other hand improved electrophysiological signs of ICUAW and need for prolonged mechanical ventilation (suppl ref [29] [30] [31] ), but these benefits could not be attributed to the anabolic effects of insulin [52] , and hypoglycemia remains of concern (suppl ref [32] ). Regarding nutrition, early hypocaloric feeding appears to be at least as good as a full caloric supply [48, 50, 51, 53] (suppl ref [68, 69] ), but the optimal nutritional approach remains unclear (suppl ref [70, 71] ). At some threshold, adequate energy supply undoubtedly becomes essential to promote anabolism. Biomarkers indicating this transition are absent. Nutritional assessment tool scores may be useful to select patients who may benefit most from optimal amounts of macronutrients, but their value has not been consistently demonstrated [54] (suppl ref [72] [73] [74] [75] ). Other approaches to improve protein synthesis, including intermittent bolus feeding compared to continuous feeding and the use of whey proteins compared to soy or casein-based proteins, warrant investigation (suppl ref [76] ). Indirect calorimetry may better estimate "requirements" than energy equations, but its benefit on outcome is not established (suppl ref [77] ). Nutritional content may be more important than caloric intake. In particular, preserved or enhanced protein intake to arrest catabolism and preserve muscle function is an exciting concept (suppl ref [78, 79] ), but solid evidence supporting such a strategy is lacking [55] 
(suppl ref [80]).
Indications for future studies
Novel modulators of the hypermetabolic response should be tested in adequately powered studies, including patient-centered outcomes to assess safety and efficacy, rather than use of surrogate outcomes. Promising agents with the theoretical potential to stimulate protein synthesis or exert anti-catabolic effects include branched-chain amino acids, omega-3 fatty acids, metformin, β-blockers, oxandrolone, fenofibrate, and myostatin inhibitors, among others (suppl ref [66, 81] ). Study design should consider the complexity of the metabolic response and specific clinical conditions and diseases. Biomarkers should be identified and validated to identify the optimal timing for increasing energy supply. Adequately powered RCTs should study optimal energy and protein targets independently, both in the acute phase and post-acute phase of critical illness, taking into consideration the dynamics of metabolism. Exercise potentially improves anabolic resistance (suppl ref [36] ), providing the rationale for RCTs that integrate exercise and nutritional therapy (e.g., clinicaltrials.gov NCT02822170) (suppl ref [82] ), include muscle strength and physical function as outcomes, and comprise mechanistic studies such as whole body protein kinetics, structural, molecular, and electrophysiological data.
ICUAW at follow-up
Weakness and fatigue Background
Survivors of critical illness may suffer from prolonged muscle weakness and physical impairments [4-7, 10, 24, 56, 57] . In patients with significant weakness, sustained atrophy and decreased quadriceps voluntary contractile capacity can be demonstrated [57] . Physical dysfunction may persist longer than muscle weakness, and can be detected using dynamic tests such as the 6-min walk distance test or 4-m gait speed test [58] (suppl ref [83] ) and physical activity monitoring [59] .
Patients may not have any demonstrable weakness on examination, but may report having various degrees of perceived muscle weakness [4] or fatigue suggesting that a central mechanism may be responsible for weakness in addition to peripheral mechanisms. Fatigue is a common symptom in many medical conditions, including cancer, neurologic diseases, and psychiatric disorders (suppl ref [84] [85] [86] [87] ). The prevalence of fatigue is about 70% in ARDS survivors [50] , and is often associated with anxiety and depression, pain, and cognitive impairments which are common in ICU survivors [1, 51, 60] (suppl ref [88] ). Experimental endotoxemia in healthy humans causes transient weakness of voluntary quadriceps contraction, but leaves the electrically stimulated (nonvolitional) contraction unaffected (suppl ref [89] ). In septic rats, disruption of repetitive firing of brain motor neurons is an important and early contributor to persistent weakness (suppl ref [90] ).
Limits of current knowledge
It is uncertain if ICU survivors who feel weak despite having normal muscle strength have mild muscle weakness that is not detected by testing methods or if they have fatigue. It is also uncertain if fatigue can be diagnosed as systemic exertion intolerance disease (SEID) or chronic fatigue syndrome, a multisystem disorder with manifestations causing substantial morbidity and increased mortality [61] (suppl ref [91, 92] ). A prominent feature of SEID is that any type of exertion-physical, cognitive, emotional-can adversely affect many organ systems and many aspects of life [61] . It is unknown if fatigue in ICU survivors could be caused by degeneration of nerve axons, as in survivors of Guillain-Barré syndrome where axonal loss is revealed by motor unit number estimation (MUNE), but not by clinical examination and conventional EPS that remain normal [62] . Lastly, the relationship between muscle weakness, fatigue, and psychiatric disorders remains to be elucidated. Exercise may improve depression in ICU survivors (suppl ref [93] ), but the beneficial effect of treating depression on physical functioning in older adults (suppl ref [94] ) has not been demonstrated yet in ICU survivors.
Indications for future studies
Further studies should evaluate the prevalence and severity of fatigue in ICU survivors, define its association with psychiatric disorders, pain, cognitive impairment, and other morbidities, and the relationship with muscle weakness and physical dysfunction [50] . Assessment of post-exertional physical, cognitive, and emotional exhaustion as in SEID should be studied in patients with profound fatigue. Studies should evaluate MUNE in patients with CIP. Rasagiline, modafinil, and doxepin are associated with improvement in fatigue and are not associated with an increased risk of adverse effects in patients with Parkinson disease [63] , and should be studied in ICU populations. Collaborative care studies with multi-professional approach to patient care, structured management plan, scheduled patient follow-ups, and enhanced inter-professional communication are recommended for an integrated approach to patients with chronic mental and physical disorders (suppl ref [95, 96] ), and would be needed to explore the efficacy of treatments for depression, weakness, and fatigue in ICU survivors.
Weakness, pain, and small nerve fiber pathology Background
Persistent pain is a major problem in survivors of critical illness [64] , and pain assessment in these patients was rated as "very important" in a recent expert consensus for physical rehabilitation in ICU survivors [33] . Of ICU survivors, 36-60% complain of moderate to severe pain which interferes with physical activity in daily life [64] . Causes include inadequately treated acute pain or degeneration of small intraepidermal nerve fibers (neuropathic pain) [65] (suppl ref [97, 98] , decubitus ulcers [66] , joint (shoulder) pathology [67] , and fascial muscle inflammation [20] (Fig. 3) .
Limits of current knowledge
Small fiber pathology may cause chronic neuropathic pain [65] (suppl ref [99] [100] [101] ), but its role in ICU survivors has been assessed in only a few patients.
Indications for future studies
Future studies should evaluate the relationship between ICUAW, reduced mobility, and chronic pain. The association between chronic neuropathic pain and degeneration of small intraepidermal nerve fibers during the acute stage of critical illness also deserves attention. Neuropathic pain can be severe and resistant to nonsteroidal anti-inflammatory drugs, so future efficacy trials should test if antidepressants (tryciclic antidepressants, serotonin-norepinephrine reuptake inhibitors), anticonvulsants (gabapentin, pregabalin), opioids, and lidocaine topical application can mitigate symptoms (suppl ref [102] [103] [104] [105] ). Skin biopsy is minimally invasive and can be repeated to follow the natural progression of disease and response to treatments (suppl ref [99, 100] ). Future studies should evaluate muscle and fascial pain, and their relationship with qualitative inflammatory changes observed in the muscle [20] .
Weakness and muscle pathology Background
Muscle biopsy contributes to an understanding of the pathophysiology of myopathic changes by showing that early muscle fiber atrophy is associated with nonexcitable muscle membrane [68] , decreased content [57, 69] and dysfunction [69] of satellite cells, mechanical silencing [70] , altered muscle protein synthesis and degradation [18, 19, 52] , aberrant expression of genes involved in muscle regeneration and repair [57] as well as mechanisms fueling muscle injury, and increased autophagy as protective mechanism [48] . In septic mice, engrafting mesenchymal stem cells decreases systemic inflammation, restores satellite cell function, and improves muscle strength [69] . Muscle biopsy also contributes to defining severity of weakness. Muscle necrosis, which is described in 40% of critically ill patients [18, 21] 
Limits of current knowledge
Mechanisms of poor muscle regeneration with persisting muscle atrophy in ICU survivors are poorly understood [57] .
Indications for future studies
Skeletal muscle regeneration depends on stem (satellite) cells. Evaluation of satellite cell count and function in patients with persisting muscle atrophy and physical dysfunction compared to patients with good recovery would be important to better define the pathogenetic role of satellite cell dysfunction. Comprehensive mechanistic studies of muscle injury and repair are also needed.
Methodological issues for future research
Several methodological considerations arise in the study of ICUAW. Some have solutions developed in other fields while others are potentially unique, requiring new methodological research.
Accounting for baseline status
Baseline functional status of patients admitted to the ICU may be less than population norms. Therefore, investigators must exercise caution in attributing observed deficits to the ICU episode, especially in cohort studies with no control group. In large RCTs, investigators can rely on Fig. 3 Interplay between ICU-acquired weakness and pain. Bed rest with reduced mobility increases the risk of decubitus ulcers [56, 66] , and also predicts weakness at long-term follow-up [56] . Decreased muscle tone may facilitate the instability of joins, particularly shoulder join, causing pain [67] . Loss of small intraepidermal nerve fibers [65] and fascial muscle inflammation [20] may cause pain, but their relationship with ICUAW needs further investigation the likelihood that groups will be comparable at baseline, such that observed differences during follow-up can be attributed to the randomly assigned interventions. In non-random designs with control groups, investigators will need baseline measures, and can use a difference-indifferences analysis approach to understand how a given intervention affects the trajectory of ICUAW.
Accounting for missingness and censoring
Measures of weakness for a group of ICU patients will often be missing because the patient cannot participate in an evaluation or is lost to follow-up or has died. Such data loss is unlikely to occur randomly. There are techniques to handle both informative (non-random) and non-informative (random) missingness using various forms of imputation. Such techniques can also explore the extent to which missing information is or is not informative. For example, an inability to complete a physical strength assessment could itself be informative. Imputation methods or explicit modeling of the selection process likely help produce less biased estimates than those estimates generated from observed rates censored by non-random missingness. However, all analytic techniques deteriorate if missingness rates are high.
Generating and selecting measures
ICUAW can be considered at multiple levels, ranging from muscle cell function to muscle architecture and function, physical function, and, ultimately, the impact of physical dysfunction on activities and health-related quality of life. Similarly, the factors influencing these domains are protean. Not all factors can be captured in any one study, requiring researchers to decide which domains are most important on the basis of the aims of the study, the extent to which a particular measure can capture that domain with adequate fidelity, and the potential burden to patients, families, researchers, and clinicians posed by the execution of that measure. Since these measures must largely be deployed prospectively and many done in-person, researchers must factor this into the study design. Thus, a study assessing the speed of recovery of ICUAW may require frequent assessments, which may need to be brief. Another study, focused only on morbidities, may assess patients only once with a wider battery of tests.
Accounting for multiple outcomes and generating causal inference among multiple events
ICUAW has multiple plausible contributing, potentiating, and mitigating factors, and multiple interactions among biologic and clinical outcomes. For example, even if there was a specific somatic muscle lesion that drove ICUAW, it might be caused by many concurrent events during critical illness. The evolution of the lesion could be further influenced by intercurrent illness or drug and device use during the ICU. The subsequent outcomes could evolve differently depending on different underlying genetic predisposition, overall health status, capacity to engage in physical rehabilitation, and other post-ICU sequelae, which in turn could influence health and rehabilitation participation. Furthermore, the relationship between biologic outcomes (recovery of muscle architecture and function) and clinical outcomes (physical function and health-related quality of life) could vary depending on these other factors. These questions require datasets of adequate sample size (to account for representation of the different factors described above) and adequate clinical and biologic detail (to measure these factors properly) and analytic techniques capable of modeling potential relationships between these factors, including the generation of potential causal links (suppl ref [110] ).
